S U M M A R Y
The Western Mediterranean Sea is not considered as a high seismic region. Only several earthquakes with magnitude above five occur each year and only a handful have consequences on human beings and infrastructure.
The El Asnam (Algeria) earthquake of 1980 October 10 with an estimated magnitude M s = 7.3 is one of the most destructive earthquakes recorded in northern Africa and more largely in the Western Mediterranean Basin. Although it is located inland, it is known to have been followed by a small tsunami recorded on several tide gauges along the southeastern Spanish Coast. In 1954, a similar earthquake having occurred at the same location induced a turbidity current associated to a submarine landslide, which is widely known to have cut submarine phone cables far from the coast. This event was followed by a small tsunami attributed to the landslide. Thus the origin of the tsunami of 1980 was promptly attributed to the same kind of submarine slide. As no evidence of such mass movement was highlighted, and because the tsunami wave periods does not match with a landslide origin in both cases (1954 and 1980) , this study considers two rupture scenarios, that the coseismic deformation itself (of about 10 cm off the Algerian coast near Ténès) is sufficient to produce a low amplitude (several centimetres) tsunami able to reach the Spanish southeastern coast from Alicante to Algeciras (Gibraltar strait to the west).
After a discussion concerning the proposed rupture scenarios and their respective parameters, numerical tsunami modelling is performed on a set of bathymetric grids. Then the results of wave propagation and amplification (maximum wave height maps) are discussed, with a special attention to Alicante (Spain) Harbour where the location of two historical tide gauges allows the comparison between synthetic mareograms and historical records showing sufficient signal amplitude.
This study is part of the active tsunami hazard assessment in Mediterranean Sea especially concerning its occidental part, that is, the Algerian, Spanish and French coasts.
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I N T RO D U C T I O N

Generalities
Although the Western Mediterranean Sea does not have such active margins as the Eastern Mediterranean Sea (subduction under southern Italy and Greece), it is subject to low to moderate seismicity (M w < 7.3) mainly located in northern Africa, along the Algerian Margin and in the Alboran Sea. There is no general trend concerning the rupture mechanisms along this margin as it goes from pure compressive movement at the east (northern Italy/Tunisia/Algeria to a pure strike-slip trend in Alboran Sea to the west.
We present a study of the tsunami associated with the 1980 October 10 El Asnam earthquake (M s = 7.3), which is the largest shallow event in the Western Mediterranean area during the 20th century. The epicentre has been estimated 45 km to the south of the Algerian shores of the Mediterranean Sea (Solovyev et al. 1992) in the same region of the 1954 Orléansville (renamed afterwards El Asnam) earthquake (M s = 6.7, Rothé 1955) . It is historically known that these two earthquakes have been followed by some sea level variations recorded on tide gauges located along the Spanish southeastern coast from Alicante to Algeciras (Gibraltar Strait) . There are at least six tide gauge records available concerning the 1980 event. The tsunami was supposed to be generated by a submarine turbidity current in both 1980 and 1954. The originality of this paper is that we propose that the tsunami may have been directly induced by the coseismic deformation of the earthquake without the need of submarine slide (not revealed yet by bathymetric surveys) as currently assumed for the 1980 event.
With the help of the numerous studies led after the earthquake (due particularly to the fact that this earthquake is associated with important vertical and horizontal movements) we propose a source composed of one or three segments and their associated parameters is able to generate a tsunami which can be recorded on Spanish coastal tide gauges and be compared to historical data.
Historical settings
The earthquake
On 1980 October 10 at 12h25 UTC, a magnitude M s = 7.3 earthquake occurred at El Asnam (actual Ech Cheliff) at 36.159
• N and 1.396
• E (USGS location -Dewey 1990; Fig. 1 ), causing thousands of casualties (Ambraseys 1981) and accompanied by an important coseismic deformation (Ruegg et al. 1982; Lammali et al. 1997) . It is the largest instrumentally recorded earthquake in northern Africa . This event occurred nearly at the same location as the earthquake of 1954 (epicentre located at 36.285
• N-1.566
• E, i.e. in the locality of Beni-Rached) and is supposed to correspond to the release of accumulated strain either on the same fault segment or on two nearby distinct ones (Dewey 1990; Lammali et al. 1997) .
On 1928 August 24 and 1934 September 7, two other less important fault ruptures (m b = 5.4 and 5.0, respectively) occurred on the same fault system of the 1954 and 1980 events; their epicentres have been located in Oued Rhiou, westward from El Asnam, and El Abadia, eastward of Beni-Rached ( Fig. 1 ; Shah & Bertero 1980 ).
The tsunami
The two earthquakes of 1954 and 1980 were both followed by low amplitude tsunamis that reached the Spanish coast and were recorded by sea-level gauges located in some harbours (Solovyev et al. 1992) . The event of 1980 has been recorded on six tide gauges located at Alicante (one on the outer breakwater and one on the inner breakwater), Cartagena, Almeria, Malaga and Algeciras (see locations on Fig. 1 ). Both in 1954 and in 1980, the best signal with the highest amplitude has been recorded on the Alicante instruments. Nevertheless there is no strong difference between the signal recorded at Algeciras, that is, the furthest in the Alboran Sea, and the signal recorded in Almeria in terms of maximum wave amplitude and period. The recorded signals with their respective frequency spectra are shown in Fig. 2 . Arrival times identified by Solovyev et al. (1992) are also indicated: they are in good agreement with the theoretical tsunami traveltime (TTT) calculation shown on Fig. 2 . The record in Cartagena has not been published because of its poor quality (Solovyev et al. 1992) . Only three gauges have recorded both signals: Alicante (outer gauge), Malaga and Algeciras; at the three locations the maximum wave heights are reached for the 1954 event with a factor of 2 between 1954 and 1980.
It is generally accepted that the tsunami observed in 1980 was related to turbidity currents (Solovyev et al. 1992 (Solovyev et al. , 2000 ; original (left-hand panels) and residual (detided) (right-hand panels). The time of the earthquake is pointed in red and the tsunami arrival as pointed in blue as indicated by Solovyev et al. (1992) .
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J. Roger et al. Papadopoulos et al. 2007) , which have been reported for several earthquakes along the north Algerian Margin. The reason is found during the 1954 earthquake, when some submarine phone cables (five of the eight actives at that time exactly) offshore of Algeria were seriously damaged (as far as 100 km from the coast): this phenomenon has been associated with the motion of one or several turbidity currents generated by seismic shaking and/or submarine landslides (Heezen & Ewing 1955; Bourcart & Glangeaud 1956; Solovyev et al. 1992) . Events where damage has occurred to three of these cables are described in Heezen & Ewing (1955) : the first cable, located less than 40 km from the shore, ruptured 40 min after the earthquake; the last one, located 110 km from the Algerian shore, ruptured 5 hr after the earthquake. This is in opposition to the fast recorded TTT of about 50 min for Alicante Harbour, 250 km away from the Ténès shore. In addition, it is reported that those cables were dashed-damaged, that is, that some segments were damaged and others not, revealing several different turbidity currents and/or landslides. Concerning the 1980 event, there were fewer cables in activity near the Algerian Margin than in 1954 and only one cable rupture, linked to a small turbidity current near the bay of Algiers (200 km from epicentre), has been reported (El-Robrini et al. 1985) . According to the recent marine surveys on the Algerian Margin, no recent scarp and/or important mass transport deposits have been highlighted offshore of the Ténès region (Cattaneo et al. 2010) . In addition, Bourcart & Glangeaud (1956) indicate that a single turbidity current generated by the main shock in 1954 is not able to explain, alone, the rupture of all cables, some of them were located too far away from the slide location; some secondary slides generated by aftershocks may have generated turbidity currents too. Nevertheless, the destabilization of the sedimentary cover on the continental slope of the Algerian margin spawning turbidity currents is currently associated with strong earthquakes (Yelles Chaouche 1991; Cattaneo et al. 2010) .
If related to any submarine landslide, the signal recorded along the Spanish coast requires an adequate period of several minutes, typically around 2-10 min at most (Kulikov et al. 1996; AssierRzadkiewicz et al. 2000; Ioualalen et al. 2010) . Thus the measured period of the oscillations of about 15-25 min for both 1954 and 1980 events on each available record (Solovyev et al. 1992) are not consistent with a landslide source.
In addition it requires a very important submarine mass movement to produce some sea level disturbances of still several centimetres as distant as in the harbour of Algeciras (Fig. 2 ) located 500 km away from the source area (see location on Fig. 1 ). In fact the reason is that since short tsunami wavelengths related to a small extent of the source (typically landslide sources) are dispersed during the propagation, they are unable to retain their energetic content at distances. Even if several turbidity currents have been reported, they should have simultaneously occurred to produce sufficient tsunami amplitude. However, such coherent submarine landslides have not been highlighted during recent Maradja bathymetric and seismic studies ).
Correlated to the previous point, tsunamis generated by submarine landslides often exhibit very large, or at least significant, run-up heights close to the source area (Tappin et al. 2001; Okal & Synolakis 2004; Harbitz et al. 2006; Tappin et al. 2008) , an occurrence not mentioned by eyewitnesses to the 1980 earthquake along the Algerian coast.
These considerations allow us to propose a pure earthquake origin for the 1954 and 1980 tsunamis. In the following, we provide additional constraints from numerical modelling that confirm this hypothesis.
N U M E R I C A L M O D E L L I N G
Sources parameters
The detailed analysis of the El Asnam 1980 earthquake reveals a predominant thrusting mechanism on a fault plane split into three main segments (Fig. 3 )-called southwestern, central and northeastern in the following- (Yielding et al. 1981; King & Yielding 1984) , linked to each other by some smaller segments, with an average strike N45
• E and with a mean dip angle of 54
• to the northwest (Ambraseys 1981; Cisternas et al. 1982; Deschamps et al. 1982) combined with a small left-lateral displacement (Philip & Meghraoui 1983; Solovyev et al. 1992 ) which is apparently not significant (Nabelek 1985) . This mechanism is well revealed by the field analysis that shows an important uplift of several metres all along the surface rupture, with a maximum of about 5-6 m in the area located northwest of the junction of the southern and central fault segments associated with a depression of about 1 m southeast of it (Kasser et al. 1987; Ruegg et al. 1982; Shah & Bertero 1980) . This overall rupture pattern is directly related to the compressional regional setting associated with the active convergence between the European and African plates (Ouyed et al. 1981; Boudiaf et al. 1998) .
The magnitude of the El Asnam earthquake has been estimated as M s = 7.3 from surface waves Deschamps et al. 1982) . The energy magnitude is estimated to M w = 7.1 by the Global Centroid-Moment-Tensor (CMT) Project (http:// www.globalcmt.org/cgi-bin/globalcmt-cgi-bin/CMT4/), with a seismic moment of about M 0 = 5.07e+19 N-m. Because the wellaccepted relationship between M w and M s allows us to estimate that M w ≈ M s in the range of magnitude 5.5-7.5 (Hanks & Kanamori 1979; Wells & Coppersmith 1994) , and because the energy magnitude released during the main shock is not constrained very well due to the lack of nearby stations at the time of the earthquake (the first stations were deployed only two days after the main shock), we decided to propose scenarios for a M w = 7.3 earthquake.
According to Wells & Coppersmith (1994) , the surface and subsurface rupture lengths are not necessarily different: they indicate that the ratio between those lengths could be equal to 1 for a M w = 7.3 earthquake. In addition, rupture plan length and width must be in a ratio of about 1:3.
Geodetic measurements help to partially constrain the average slip and the rake angle on the different fault plane (Ruegg et al. 1982; Yielding 1985; Bezzeghoud et al. 1995) . We look at the geodetic measurements to choose the fault parameters with respect to the geological post-seismic surveys.
The rigidity coefficient μ has been chosen assuming a standard rigidity of 3.0 × 10 10 N m 2 (compression mechanism) in agreement with Bilek & Lay (1999) and Geist & Bilek (2001) for conventional earthquakes.
The dip angle is obtained with regard to the aftershock depth distribution (for example Yielding et al. 1989) .
These analyses allow the proposal of several rupture scenarios. Only two will be presented in the following.
Rupture models
First model: one-segment rupture
In order to simplify the problem we have considered for our calculation models that the rupture zone was made of only one fault plane (Fig. 3) Yielding et al. 1989, for example), assuming that the strike is nearly the same for each segment (Roger & Hébert 2008a) . In this case of a unique fault plane, according to and Cisternas et al. (1982) , a slip area of 40 km long and 15 km deep with a mean displacement of 6 m leads to an earthquake magnitude of M w = 7.3 (i.e. M 0 = 1.1 × 10 20 ). We will find the same orders for the parameters attributed to the multiple segments sources in the following (Table 1) .
We will see further that this approach is rapidly limited since not enough deformation, according to the geodetic surveys (Yielding et al. 1981; Ruegg et al. 1982; Bezzeghoud et al. 1995) , was then modelled in the central part of the segment. In fact, this single segment does not allow playing with the different parameters to best fit the observed data.
The advantage of using a multi-segments source is the possibility to vary the parameters of the part of the fault close to the sea, especially the slip value. The next subsection will debate the tsunami generation by both scenarios: such a unique fault plane is not able to generate enough sea deformation to match the Spanish tide gauge signals and to amplify in the same height range of the historical data.
Second model: three-segment rupture
After a more detailed study of the literature on this event, a source composed of three distinct segments has been tested ; Fig. 4 ). Their locations have been based on the aftershocks' geographical location (Deschamps et al. 1982; Ouyed et al. 1983; King & Yielding 1984; Yielding et al. 1989; Bezzeghoud et al. 1995) and their depth distribution Ouyed et al. 1983; Yielding et al. 1989) .
The aftershocks' studies (Ouyed et al. 1983; King & Yielding 1984; Yielding 1985; Yielding et al. 1989) show that they are mostly located near the rupture surface features in terms of horizontal distribution along the two southern segments. However, there is a widespread location of aftershocks toward the sea when we look to the northeast (until 40 km). This dispersion could have been associated to an unavoidable opening of the seismic network near the sea but most of the considered aftershocks have been re-located and show the same distribution (Yielding et al. 1989 ). In addition it could be attributed or correlated easily to the surface rupture features indicated by King & Yielding (1984) and linked to NWdipping nodal planes with imbricated thrusting style as proposed by Yielding (1985) . Ouyed et al. (1983) indicate that this could be due to the reactivation of a fan-like system of smaller reverse faults associated with surface folding. The depth distribution of the aftershocks is estimated between 2 and 10 km all along the rupture zone (Yielding et al. 1989) . The mean depth of the fault planes is thereafter established around 6 km.
First, this aftershock distribution northwards allows us to propose a longer northeastern segment of about the same length than the two others (=12 km) and not simply 3-4 km as indicated by surface rupture features, leading to a total surface rupture length of 36 km. Then the aftershocks location between this northeastern segment and the sea, and their distribution in depth (King & Yielding 1984; Ouyed et al. 1983; Yielding et al. 1989) , allow us to extend its width toward the north in our model, that is, closer to the sea. The proximity to the sea of the northeastern segment allows us to give more uncertainty for locating this one and to attribute to it realistic parameters.
As previously mentioned, the slip amplitude has been identified to be inconstant all along the rupture zone: all the studies conclude with a mean displacement (average value) of 3-4 m with maximum amplitude of about 6 m on the central segment Nabelek 1985; Yielding 1985) . Constraining of the faulting mechanism with geodetic measurements of vertical movements Ruegg et al. 1982; Bezzeghoud et al. 1995) a specific slip value has been determined for each segment of the rupture fault. These values are in good agreement with the relations between the observed mean surface displacement and the subsurface slip on the fault plane proposed by Wells & Coppersmith (1994) : a magnitude M w = 7.3 earthquake leads to a ratio of 0.6-1.0 between the average subsurface displacement and the maximum surface displacement; thus a maximum surface displacement of 6 m corresponds to an average subsurface displacement on the fault plane of about 4-6 m. Our model fits as well as possible these previous results. This slip has been a bit exaggerated taking account of the other parameters. The related coseismic deformation is presented on Fig. 4 .
All the corresponding parameters are summarized in Table 1 .
Tsunami modelling
The initial bottom deformation is calculated based on elastic dislocation computed through Okada's formula (1985) . Our method considers that the sea-bottom deformation is transmitted without losses to the entire water column, and solves the hydrodynamical equations of continuity (1) and motion (2) conservation. Non-linear terms are taken into account, and the resolution is carried out using a Crank Nicolson finite difference method centred in time and using an upwind scheme in space. This method has been widely used in the Pacific and Atlantic Oceans and the Mediterranean Sea and
New hypothesis for the El Asnam 1980 tsunami 1141
contributes to tsunami hazard studies in several locations (Hébert et al. 2001; Roger & Hébert 2008; Sahal et al. 2009; Roger et al. 2010a,b) :
The wave propagation is calculated on the entire Alboran Sea and the area between the Spanish east coast and the Balearic Islands. A special focus on Alicante Harbour (0 • 29 W, 38
• 20 N) where the largest usable tsunami signal has been reported and registered in 1980 is also presented with the use of four levels of imbricated grids (from 0 to 3) of increasing resolution. The larger (first level, grid 0) is built from an interpolation of the Gebco World Bathymetric Grid 1' (IOC, IHO & BODC 2003) at a space step of 500 m. Then the grid resolution increases close to the studied site, that is, when the water depth h decreases along with the tsunami propagation celerity equation c = √ gh which depends only on h, in the shallow water non-dispersive assumption.
Thus a high-resolution grid of Alicante Harbour, which is set up for the final grid level, is made from digitized, georeferenced and interpolated nautical bathymetric charts (SHOM 2001 (SHOM , 2005 , in agreement with available harbour pictures, to complete the lack of bathymetric values near these structures. This grid has a resolution of 10 m (grid 3) and is able to reproduce the harbour major infrastructures such as docks or piers and coastal shallow water bathymetry (Fig. 3) , which could have a significant influence on wave arrival times and amplitudes. Intermediate grids 1 and 2 are made with both datasets from grids 0 and 3. Grid 1 has been chosen to be at a 150 m resolution and grid 2 to be at a 50 m resolution in order to never have more than a factor of 4-5 between imbricated grids, in order to respect the Courant-Friedrichs-Lewy (CFL) criterion to ensure numerical stability (Courant et al. 1928) for each grid level, so that the shoaling effect is well reproduced and the wavelengths properly sampled. All these processes have been used in the case study of the Djijelli (Algeria) 1856 tsunami and its effects on the Balearic Islands (Roger & Hébert 2008 ) and the Algerian coast ).
R E S U LT S
Regional impact
First, the calculated initial deformation map presented in Figs 3 and 4 for both one-and three-segment sources shows that the initial coseismic deformation of an earthquake located at 45 km from the shore, with adequate parameters, is able to reach the sea. Thus the El Asnam earthquake itself could have been able to induce a small deformation of the sea surface and thus a tsunami. In fact, in each tested scenario, one of the major lobes of deformation (negative deformation) reaches the sea more or less and creates a deformation of the sea, that is, a tsunami, within a few centimetres (around 1-10 cm maximum; Figs 3 and 4) .
Then this tsunami is able to propagate across the Mediterranean and the Alboran Sea.
It is worth noting that this coseismic deformation is able to induce submarine movements on the continental slope offshore Ténès as turbidity currents. Fig. 5 represents the maximum wave heights reached at each point of the grids 0, 2 and 3 (Alicante Harbour) after 6 hr of tsunami propagation generated by the three-segment source scenario. We can see that some areas are more inclined to amplify the waves arriving from this part of the north African margin, offshore Ténès. The main sites showing noticeable amplification are, from the east to the west: the Spanish coast directly in front of the source area from the north east of Alicante to the neighbourhood of Cartagena (about 10 cm), including Alicante Harbour (40 cm) and the Balearic Islands; in fact the Balearic promontory seems to be particularly receptive to long wave amplification (as previously shown by Alasset et al. 2006; Roger & Hébert 2008; Sahal et al. 2009 in the case of the 1856 and 2003 northern Algeria events); the southern coasts of Ibiza and Formentera Islands (Fig. 5) show the most important wave heights about 15-20 cm (on this coarse grid 0; a better resolution would show most important wave heights in agreement with Green's Law (Synolakis 1991) . Almeria Bay and the neighbouring Malaga Bay (about 5-10 cm) are the most representative sites in the Alboran Sea.
The modelled maximum wave heights in coastal areas like Almeria or Malaga have been calculated on the 500 m resolution grid 0: this could result in a lack of coastal wave amplifications due to a shoaling effect or resonance phenomenon such as in Alicante Harbour. In fact we have not looked in detail into the other harbours where historical records have been found mainly because of the low tsunami amplitude (less than 10 cm) they show, which is hardly comparable to the modelling results.
The reader may notice that the wave heights in front of the peninsula northeast of Alicante could be related to submarine features such as canyons or low depths (as shown by Roger & Hébert 2008b in the case of the Minorca Canyon System in the Balearic Islands). Unfortunately, the lack of accurate bathymetric data in this area limits the use of modelling and thus does not allow us to conclude correctly.
In order to retrieve the tsunami waveform, a set of virtual tide gauges has been located everywhere on each grid. Some are located near the rupture area in order to control the initial sea surface deformation. Others are located in the maximum energy radiation zone (towards Alicante and the Balearic Islands) and in the Alboran Sea. We show the results of the two gauges of the Alicante inner and outer breakwater.
The two synthetic records in Alicante Harbour are shown on Fig. 6 concerning both the one-and three-segment rupture scenarios after 6 hr of tsunami propagation. The small initial coseismic deformation of about 10 cm offshore of Ténès (to the east, Fig. 4 ) has been able to induce sufficient sea surface deformation to propagate a tsunami towards the Spanish coast. The waves are composed of a first decrease of about 5 cm followed by an increase of about 5 cm of the sea level that is well reproduced by our model. The uncertainty in the arrival times indicated by Solovyev et al. (1992) allows us a range of possibilities for arrival times within several minutes. The period of the recorded signal is also well reproduced (around 15-20 min).
Note about arrival times in Alboran Sea (TTT)
The tsunami arrives in Malaga 1 hr 30 min after the seismic rupture and 2 hr in Algeciras (Fig. 1) which is in quite good agreement with the graphical estimation of arrival times from Solovyev et al. (1992) for Malaga, that is, more than 1 hr 10 min (Fig. 2) . The 20 min difference could be related to wave slowing down when approaching the coast; due to the bad quality of bathymetric data along the coastline on this 500 m resolution grid, the synthetic gauge is not located at the exact location of the 1980 gauge, but farther from the coast, which could explain the 20 min delay. However there is a serious problem of arrival time for Algeciras that cannot be explained by the previous remark: in fact the amplitude of both signals is very small, about less than 1 cm peak to trough and maybe the tsunami arrival time has not been so well observed by Solovyev et al. (1991) .
Impact in Alicante
The two historical records at Alicante Harbour are visible on Fig. 2 . They are compared to the synthetic signals obtained with both scenarios (of one and three segments) in the harbour and outside (Fig. 6 ) corresponding to the outer and inner breakwater tide gauges indicated by Solovyev et al. (1992) .
The only difference between the results of the simulations outside and inside the harbour concerns the tsunami amplitude showing a factor 2 between the one-segment scenario and the three-segment scenario.
This tide gauge signals underlines the arrival times but also the wave main period and the amplitude reached. We can see that a free oscillation mode is well reproduced inside Alicante Harbour (Fig. 6 , upper panel) about 2 hr after the first wave arrival inside the harbour and could be related to resonance phenomenon inside the harbour. On the outer gauge the oscillation period of about 12-15 min is particularly well reproduced on the first peaks for both scenarios, despite the lack of amplitude in the synthetic signal compared to the real signal (factor 1/3 for the three-segment scenario, 1/6 for the one-segment scenario).
D I S C U S S I O N
The harbour responses
In both 1954 and 1980, the best signal and highest amplitude is recorded on the Alicante instruments. Without considering the particular hypothesis of a sufficient submarine landslide or a tsunami directly triggered by the earthquake, this is in agreement with the fact that Alicante is located in the direction perpendicular to the fault azimuth, that is, the major direction of deformation (Figs 3 and 4) and in the main tsunami propagation path according to Okal (1988) .
In 1980, we can note that it is the inner breakwater mareogram that shows the highest historical amplitude of oscillations (peak to trough) of 48 cm whereas the outer record shows only a maximum amplitude of 15 cm (Solovyev et al. 1991) . This amplification on the inner gauge is probably due to a resonant harbour effect that could be initialized by long wave arrival in a semi-enclosed water body. This occurs when the period of these waves is similar to the period of free oscillations (eigenperiod) of the water surface of the harbour (Bellotti 2007; Sahal et al. 2009) .
Notice that the locations of our virtual tide gauges are adapted from the locations indicated by Solovyev et al. (1992) . This could be responsible for substantial differences observed between recorded signals and synthetic ones especially on the outer gauge: first the water depth under the gauge must be considered and then the tide gauge (real or virtual) can be located at a node of oscillation or not (Wüest & Farmer 2003; Rabinovich 2009 ). In fact, concerning the inner gauge, the resonant effect could be better reproduced and prevails on the other phenomenon.
Finally, the shape of the harbour has changed in 30 years, according to actual satellite views compared with historical maps of the harbour; new docks and piers have been built and this has probably had some noticeable impact on the global eigenperiod of the harbour (Bellotti 2007; Gonzales-Marco et al. 2008 ).
A possible contribution by the turbidity currents: comparison with the 1979 Nice event
On 1979 October 16, a submarine landslide occurred close to Nice (southern France). The initial destabilization volume has been estimated to be about 10 million cubic metres which rapidly increased to reach a total amount of 150 million cubic metres with sediments stripped from the slope (Assier-Rzadkiewicz et al. 2000) . This was probably the origin of an important turbidity current (Piper & Savoye 1993 ) that cut two submarine cables located, respectively, 75 and 105 km from the coast. Assier-Rzadkiewicz et al. (2000) indicate that the bathymetric data revealed the substantial modification of the sea-floor by this event and its path is indicated by a steeply incised chute.
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A tsunami was induced by this submarine landslide with wave amplitude of about 3 m, 10 km away from the source at Antibes, in the Angel's Bay, and no more than a few dozen centimetres 30 km away (Mandelieu). This is due to the geometrical dispersion (frequency and amplitude dispersion) of waves on a sphere, explaining that the tsunami spectral amplitude decreases rapidly away from the source because of its multi-frequency composition typical of submarine landslide generated tsunamis (Okal 2003; Papadopoulos et al. 2007) , and also because the observation site is not located within the main energy direction. Assier-Rzadkiewicz et al. (2000) indicate that the period of each wave of the 1979 Nice event is estimated around 8 min, a value that is probably related to the considered harbour resonance. According to the recent study of Ioualalen et al. (2010) , the period of those waves in the source area has been estimated as about 2-3 min for this event.
C O N C L U S I O N
This study proposes an alternative hypothesis for the tsunami generation during the 1980 October 10 event. It shows that tsunamigenic seismic sources don't have to be located at sea (as in Djijelli, 1856 August) or partially at sea (as in Zemmouri, 2003 May) to generate a small tsunami, and this without considering underwater landslide triggering tsunamis. In fact an inland earthquake located as far from the sea as the El Asnam earthquake of 1980 1144 J. Roger et al. October 10 is able to generate a tsunami due to the repartition of initial rupture deformation lobes, according to numerical modelling. Indeed, the proposed parameters of the rupture scenarios, chosen with the help of previous geological and geodetic measurements, are able to explain the observed tsunami. The comparison of synthetic tide gauge records and historical records highlights that the observed wave periods are well reproduced: only a tsunami generated by an earthquake could show eigenperiod of 15-25 min, as the one shown by the different historical records, a typical period of a tsunami generated by a landslide hanging around several minutes (2-10 min).
In addition, either a simple segment rupture scenario or a threesegment scenario are able to reproduce correctly the historical signals in terms of wave arrival, polarity, amplitude and period. This is well shown on the records at Alicante Harbour. The main reason for using a multiple-segment source is to reduce the energy in the southwestern side of the rupture and to increase it on the opposite side, that is, near the shore. In general the traveltimes indicated by Solovyev et al. (1992) are in good agreement with modelled TTTs.
Nevertheless, such important earthquakes (M w > 7.0) could easily destabilize the unstable sediment cover along the margin and thus induce submarine mass movements and turbidity currents, which could also generate a local tsunami (one has been highlighted by a phone cable rupture in Algier's Bay on the same day). However several linked parameters should be considered in this case: the volume of the slide, the lack of wave observation along the Algerian coast, the period of the recorded signal along the Spanish southeastern coast and the dispersion phenomenon. A sediment movement able to produce a tsunami reaching Alicante and as far as Algeciras Harbour must be at least as important as the Nice 1979 event to produce a tsunami wave that would not disperse too fast. Bathymetric surveys offshore of the Algerian coast in this area have even not highlighted adequate scarps and no reports of huge coastal waves along the Algerian shore have been found.
The fact that the geodetic measurements led to a larger seismic moment value and that we use an artificial increase of seismic moment magnitude from 7.1 to 7.3 to reproduce the observations in terms of geodetic data but also tide gauge records allow us to indicate that tsunami data could help further investigation of seismic sources.
According to the modelling results and more particularly to the maximum wave height distribution maps, it could be interesting to investigate Ibiza and Formentera islands, which seem to be particularly inclined to wave amplification, in terms of harbour authority witnesses as well as on field proof, probably not for this recent event of 1980 but for potential older ones.
An accurate study of resonance phenomenon inside Alicante Harbour should be led in order to explain the origin of the 15-25 min oscillation period in 1980, using a coeval bathymetric map to produce the grid necessary for modelling. Then a comparison with the actual harbour shape could show whether the harbour still reacts or not to long wave arrival.
Tsunami modelling of the 1954 event could be done to show that this smaller rupture, in terms of energy, and in comparison to the 1980 event, is able to produce an even larger tsunami due to its geographical position closer to the shore (northeastward from the 1980 epicentre).
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